Application of optical reflectivity measurements to diagnostics for plasma facing materials  by Miyamoto, M. et al.
ARTICLE IN PRESS 
JID: NME [m5G; September 6, 2016;14:48 ] 
Nuclear Materials and Energy 0 0 0 (2016) 1–5 
Contents lists available at ScienceDirect 
Nuclear Materials and Energy 
journal homepage: www.elsevier.com/locate/nme 
Application of optical reﬂectivity measurements to diagnostics for 
plasma facing materials 
M. Miyamoto a , ∗, M. Yamamoto a , T. Akiyama b , N. Yoshida c , M. Tokitani b , A. Sagara b 
a Department of Material Science, Shimane University, Matsue 690-8504, Japan 
b National Institute for Fusion Science, Oroshi, Toki, Gifu 509-5292, Japan 
c Research Institute for Applied Mechanics, Kyushu University, Fukuoka 816-8580, Japan 
a r t i c l e i n f o 
Article history: 
Available online xxx 
a b s t r a c t 
Optical reﬂectivity measurement is proposed as a convenient diagnostics method of surface modiﬁcations 
in plasma facing materials (PFMs) and its applicability to a plasma conﬁnement device is evaluated. The 
optical reﬂectivity for mirror polished stainless steel (SUS316L) exposed to the Large Helical Device (LHD) 
plasma was examined with a spectroscopic ellipsometer. In-situ measurement of the reﬂectivity change 
under the glow discharge was also performed using a super continuum white laser. 
The detectable change of the reﬂectivity was observed and the level of the degradation depended on 
the location, exposure period and employing wavelength. Microstructure observation of the mirror sur- 
face revealed that the behavior of the reﬂectivity change correlated closely with the ion-induced damages 
and the depositions thickness in the vicinity of the sample surface. Thus, the optical reﬂectivity measure- 
ment is considered to be a possible method for convenient in-situ diagnostics for PFMs. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
One of the key issues for maintenance of the high performance
lasma in fusion devices is diagnostics of plasma facing materi-
ls (PFMs). Material probe experiments have been frequently em-
loyed as eﬃcient methods to investigate the PFMs conditions in
any plasma conﬁnement devices [1–5] . However, most previous
esearch has dealt with superimposed effects due to plasma expo-
ures by postmortem analysis, and not examined the ever-changing
FMs conditions under various plasma surface interaction phenom-
na. In order to evaluate PFMs conditions, therefore, in-situ and
eal-time diagnostic methods of PFMs are highly desired as an al-
ernative to the existing postmortem methods. 
In our recent study, we reported the real-time change of the
ptical reﬂectivity for the metal mirror samples under irradiation
ith low energy helium (He) and deuterium (D) ions [6–8] . It
as conﬁrmed that the reﬂectivity under the irradiation decreases
onotonically up to a rather high ﬂuence depending on the ion
nergy, ﬂuence and wavelength. In addition, it was revealed that
e irradiation has a more dominant inﬂuence than D irradiation on
he reﬂectivity reduction. In this study, optical reﬂectivity measure-∗ Corresponding author. 
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odiﬁcation in PFMs and its applicability to a plasma conﬁnement
evice is discussed. 
. Experimental procedures 
The Large Helical Device (LHD) is the world’s largest heliotron-
ype plasma conﬁnement machine with stainless steel (SUS316L)
rst wall and mainly carbon divertor tiles [9] . Due to the intrin-
ic divertor structure without additional divertor coils, LHD allows
isruption-free steady-state plasma operation, which is a merit for
he characterization studies of surface modiﬁcations of PFMs [10] .
o examine the change of the optical properties due to plasma-
urface interactions, the long-term material probe experiment was
erformed in LHD during the 15th experimental campaign. The
lasma shots in the campaign were 70 0 0 in total with each shot
uration time lasting about 2 s, while total duration of glow dis-
harge cleaning (GDC) was 325 h [11] . The expected average ﬂuxes
o the ﬁrst-wall surface are evaluated to be ∼10 18 −19 ions/m 2 for
he main plasma and ∼10 17 ions/m 2 for the GDC, respectively [12] .
he sample holders incorporating a set of mirror polished SUS316L
heets (see Fig. 1 for the photograph of the sample holder) were
nstalled at various locations of the divertor region and exposed to
HD plasma. The details locations of the holders and the plasma
arameters are described in Ref. [11,12] . The reﬂectivity changender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Photos of the sample sets exposed to the LHD plasma. 
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tafter the exposures was measured by spectroscopic ellipsometer
for the wavelength range of 280–820 nm. For comparison, reﬂectiv-
ity change by ion irradiation with 3 keV helium ions at R.T., up to
a ﬂuence of ∼1 × 10 23 ions/m 2 were also examined. While it does
not necessarily simulate a particle load under the LHD plasma con-
dition, an ion energy of 3 keV was applied due to the ion source
stability of our irradiation device. The microstructure modiﬁcation
induced by the plasma exposure and the ion irradiation was in-
vestigated using a transmission electron microscope (TEM). The
focused ion beam (FIB) technique was applied to make the sam-
ple ready for cross-sectional observation. The depth proﬁle of the
chemical compositions was also measured for some impurity de-
position samples by Glow discharge optical emission spectrometry
(GD-OES) which is a technique to measure the depth proﬁles of
constituent elements in a solid specimen by detecting emissionsFig. 2. Cross-sectional microstructure of the SUS316L samples exposed to the LHD plasm
the impurity deposition layer are observed. 
Please cite this article as: M. Miyamoto et al., Application of optical reﬂ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20rom atoms implanted into plasma by specimen surface sputtering
13] . 
To investigate the applicability of the reﬂectivity measurement
o future fusion device, in-situ measurements under the glow dis-
harge in LHD was also performed using with the retroreﬂec-
or (corner cube mirror), which consists of three orthogonal mir-
or surfaces and reﬂects laser light in parallel with the incident
ight [14] . A super continuum white laser source and a wide spec-
rum spectrometer were used for spectral reﬂectivity measure-
ents with a wavelength from 360 to 10 0 0 nm. 
. Results and discussion 
.1. Surface modiﬁcation and reﬂectivity measurement 
The long-term plasma exposure in LHD over an experimental
ampaign caused the apparent change on the material probe sam-
les. Photos of the exposed samples at LHD 15th campaign are dis-
layed while comparing the unexposed samples in Fig. 1 . These
xposed samples exhibit tarnish in metallic luster or various color
hanges depending on the location of the samples during the ma-
erial probe experiment in LHD. This means that exposure condi-
ions were different for each sample, and the optical properties
ould show the individual surface states of the samples. Because
t is very important to evaluate the location dependence of sur-
ace modiﬁcations on these material probe samples, we focus on
he investigation into the relation between the optical reﬂectivity
nd the surface condition in this study. Fig. 2 shows the cross-
ectional microstructure of these samples obtained by TEM after
he FIB processing. The tarnished samples (labeled “Erosion-1” and
-2”) show little deposition layer and the damaged layer including
igh density helium bubbles with the white circular contrasts is
bserved at the sub-surface region. On the other hand, the forma-
ion of impurity deposition is observed for the colored samples (la-
eled “Deposition-1”, “-2” and “-3”). GD-OES measurement showed
he deposition consists mainly C, O and Fe, and their compositions
ere ∼97%, ∼2% and ∼1%, respectively, on the average apart from
he outermost surface. These compositions were almost same for
he samples Deposition-1, -2 and -3. The deposition thicknesses on
hese samples are directly evaluated by the TEM images, and mea-
ured to be ∼20, ∼70 and ∼400 nm for the samples Deposition-1,
2 and -3, respectively. 
Fig. 3 shows the wavelength dependence of reﬂectivity obtained
y the spectroscopic ellipsometer for these samples exposed to
he LHD plasma. Compared with the reﬂectivity for the unexposed
ample, various changes in the wavelength dependence are ob-
erved, especially drastic for colored samples such as Depo-1, -2
nd -3. As describing below, the wavelength dependence of reﬂec-
ivity strongly depends on the degree of microscopic damages and
he thickness of the impurities depositions. a. The formation of the damage layer including high density helium bubbles and 
ectivity measurements to diagnostics for plasma facing materials, 
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Fig. 3. Wavelength dependence of reﬂectivity, measured with ellipsometer, for the 
SUS316L samples exposed to the LHD plasma at various locations. The reﬂectivity 
of the unexposed sample is also plotted. 
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Fig. 4. (a) Wavelength dependence of reﬂectivity for the SUS316L samples exposed 
to the LHD plasma under the erosion condition and irradiated with 3 keV-He + to 
a ﬂuence of about 1 × 10 21 and 1 × 10 22 He/m 2 at room temperature, and (b) the 
microstructure evolution of pre-thinned SUS316L under irradiation with 3 keV-He + 
at room temperature. 
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t  .2. Erosion dominant samples 
The samples Ero-1 and -2 in Fig. 1 visually showed only a tar-
ish in metallic luster without a signiﬁcant change in color. TEM
bservations for these samples revealed that an impurity deposi-
ion layer was hardly formed. In spite of little apparent change,
etectable reduction of the reﬂectivity was conﬁrmed by spectro-
copic ellipsometry measurement. Since these samples have the
odiﬁed layer at the sub-surface region as shown in Fig. 2 , the
eduction of the reﬂectivity should be due to ion-induced dam-
ges including high density helium bubbles by the plasma ex-
osure. Taking into account of the analysis depth for the spec-
roscopic ellipsometry measurement, which is estimated from the
ight penetration depth and is evaluated at ∼10 nm, these inter-
al damages are likely to inﬂuence the reﬂectivity reduction. It
as indeed reported that the low energy helium ion irradiation
aused severe reduction of the reﬂectivity to the SUS mirror sam-
les [7] . Fig. 4 (a) shows the comparison of the reﬂectivity spec-
ra obtained from the samples exposed to the LHD plasma (Ero-
ion 1 and 2) and irradiated with 3 keV-He + to a ﬂuence of 10 21 
nd 10 22 He/m 2 at room temperature. In Fig. 4 (b) displayed is the
icrostructure evolution of pre-thinned SUS316L under irradiation
ith 3 keV-He + at room temperature. In these images, helium bub-
les are observed as white circular dots. The ﬁne and high den-
ity helium bubbles start to appear in the sample irradiated to a
uence of above ∼10 19 ions/m 2 , and growth in the size and de-
reasing in the density attendant on their coalescence are ob-
erved with increasing the ﬂuence. The spectra obtained from Ero-
ion 1 and 2 samples give close agreement with them from the
0 21 and 10 22 He + /m 2 irradiated samples, respectively. These good
greements of the wavelength dependence of the reﬂectivity seem
o represent that similar microscopic damages form in the both
amples. 
To evaluate the degree of damage from the optical measure-
ents, we attempted to estimate the volume fraction and the
istribution range of He bubbles in the samples exposed to LHD
lasma by ﬁtting the spectra of the refractive index, n , and extinc-
ion coeﬃcient, k , for these samples using the following model;
 substrate has the same constants as an un-irradiated sample, a
amaged region ranging from the surface to t nm is built up with
ixture of un-irradiated matrix and helium bubbles with occu-
ancy, p , and He bubbles can be deemed as void with the vacuum
onstants of n = 1 and k = 0. A schematic of the model is shown inPlease cite this article as: M. Miyamoto et al., Application of optical reﬂ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20ig. 5 (a). Fig. 5 (b) shows an example of the ﬁtting for the Erosion
 sample by using t and p as free parameters. As results of the ﬁt-
ings, the thickness and the porosity are estimated to be t ∼ 6.7 nm
nd p ∼ 70% for Erosion 1, and t ∼ 9.1 nm and p ∼ 68% for Erosion 2,
espectively. Since the comparable damages are observed in these
amples by TEM as shown in Fig. 2 , these evaluations seem to be
ble to express the degree of damage. 
.3. Deposition dominant samples 
In contrast to the samples with little deposition layer, the col-
red samples show the drastic reduction of the reﬂectivity and its
eculiar wavelength dependences which cannot be reproduced for
on irradiated samples. The wavelength dependences of reﬂectivity
n Fig. 3 show that the wavelength region where the drastic reduc-
ion occurs extends from the low-wavelength side with increasing
he deposition thickness. These peculiar wavelength dependences
eem to be due to an optical interference of the light reﬂection
rom the deposition surface and the interfacial light reﬂection from
he interface between the deposition and the substrate. We also at-
empted to reproduce the wavelength dependences to estimate the
eposition thicknesses by ﬁtting the optical constants of n and k as
he degree of damage has been evaluated in the former section. In
his case, only the deposition thickness of t nm is used as a ﬁt-
ing parameter and the substrate is postulated to have the same
onstants as an un-irradiated sample. The constants obtained from
he Deposition 3 sample with the suﬃciently thick layer are used
s homogenous constants for the deposition layers. As results of
he ﬁttings, the deposition thicknesses are estimated to be t ∼ 43ectivity measurements to diagnostics for plasma facing materials, 
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Fig. 5. (a) Schematic of the ﬁtting model and (b) measured and ﬁtted curves of 
reﬂectivity, refractive index, n , and extinction coeﬃcient, k , for the SUS316L sample 
exposed to the LHD plasma under the erosion condition (Erosion-2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Wavelength dependences of reﬂectivity in a long wavelength region, mea- 
sured using the super continuum white laser source and the wide spectrum spec- 
trometer, for the deposition dominated SUS316L samples exposed to the LHD 
plasma. 
Fig. 7. (a) Evolution of the reﬂectivity for some representative wavelength as 
a function of the exposure time, and (b) calculated reﬂectivity for the light of 
λ ∼ 780 nm as a function of the thickness of the carbon deposition ﬁlm. 
t  
o  
t  
t  
a  and ∼81 nm for Deposition 1 and Deposition 2, respectively. These
thicknesses are generally consistent with the thicknesses evaluated
by TEM images though they are not accurate. 
The effect of optical interference was also detected more clearly
by the in-situ measurement. Fig. 6 shows the wavelength depen-
dence of reﬂectivity obtained by the measurement under the glow
discharge in LHD with the retroreﬂector. In this ﬁgure, the re-
ﬂectivity spectra are normalized by the initial value at the start
of measurement. A characteristic wavelength dependence appears
over time, which means the formation of impurity deposition on
the mirror surface of the retroreﬂector. The evolution of the reﬂec-
tivity for some representative wavelength is plotted as a function
of the exposure time in Fig. 7 (a). The oscillations of the reﬂectivity
possibly caused by optical interference are observed. In fact, signif-
icant degradation of the reﬂectivity of the retroreﬂector is found in
LHD which is attributed to a thick deposition layer [14] . 
In order to estimate the thickness of the depositions, a simple
model when a deposition occurs on only one of three orthogonal
mirror surfaces is used for simpliﬁcation. Assuming the deposition
is a single layer, reﬂectivity R is obtained by taking the multiple
reﬂection into consideration [15] : 
R = r 
2 
1 r 
2 
2 + 2 r 1 r 2 cos 2 δ
1 + r 2 
1 
r 2 
2 
+ 2 r 1 r 2 cos 2 δ
, 
where r 1 , r 2 are amplitude reﬂectivity on the top surface of the
deposition layer and the interface between the deposition and the
substrate, respectively, and δ is a phase difference generated whenPlease cite this article as: M. Miyamoto et al., Application of optical reﬂ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20he light passes through the deposition layer. Note that the ratio
f s polarization and p polarization is assumed to be 1:1. From
his equation, the reﬂectivity for the light of λ ∼ 780 nm are ob-
ained as a function of the thickness of the carbon deposition ﬁlm
s shown in Fig. 7 (b). Here the calculated reﬂectivity is plottedectivity measurements to diagnostics for plasma facing materials, 
16.08.012 
M. Miyamoto et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–5 5 
ARTICLE IN PRESS 
JID: NME [m5G; September 6, 2016;14:48 ] 
s  
m  
ﬁ  
m  
t  
s  
e
4
 
s  
c
 
 
 
 
 
 
 
 
 
 
o  
t  
i  
n  
r  
o  
b
A
 
s  
p  
(  
m
R
[
[
[
[
[o that its oscillation frequency agrees with the frequency of the
easured reﬂectivity for the light of λ ∼ 780 nm in Fig. 7 (a). This
gure shows that the thickness of the deposition could be esti-
ated by counting the oscillation frequency. It should be noted
hat one can roughly examine the deposition thickness by mea-
uring the reﬂectivity of a single wavelength when the deposited
lement is known. 
. Conclusion 
The present work is intended to suggest the reﬂectivity mea-
urement as a conventional diagnostics method of microstructure
hange in PFMs. The main results obtained are as follows; 
1. For the erosion dominant samples, the reﬂectivity spectra give
close agreement with them obtained from the ion irradiated
samples under the appropriate conditions. From the ﬁttings of
the optical constants, the degree of damage is evaluated. 
2. The deposition dominant samples show the drastic reduction of
the reﬂectivity and the peculiar wavelength dependences pos-
sibly are caused by an optical interference. 
3. The oscillations of the reﬂectivity with increase in the depo-
sition thickness are observed by in-situ measurements of re-
ﬂectivity in the retroreﬂector under the glow discharge in LHD.
The counting the oscillation frequency enables to estimate the
thickness of the deposition. 
These results indicate that one can roughly estimate the degree
f damage or the deposition thickness by using the simple spec-Please cite this article as: M. Miyamoto et al., Application of optical reﬂ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20ral reﬂectivity measurement. The optical property measurement
s considered to be a possible method for convenient in-situ diag-
ostics for PFMs in spite of the limited application. For more accu-
ate diagnosis evaluation of another optical constant, combination
f several diagnostics methods and accumulation of comparative
asic data are required. 
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